The Influence of Nicotinamide on Health and Disease in the Central Nervous System by Jenkins, Stuart
Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial  
4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without 
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).
https://doi.org/10.1177/1178646918776658
International Journal of Tryptophan Research
Volume 11: 1–11
© The Author(s) 2018
Reprints and permissions: 
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1 78646918776658
Introduction
There is a growing body of evidence that diet and nutrition 
play a direct role in maintaining neuronal health. In particular, 
dietary factors can influence the onset and progression of 
Parkinson’s disease (PD), and potentially its amelioration.1,2 
The emerging pattern from this body of research is that there 
are clear consequences to an imbalance in dietary factors on the 
production and maintenance of mature neurons.
Our research and that of others suggest that vitamins are 
essential both for the formation of neurons and their survival. 
Here, we review nicotinamide and associated active metabo-
lites. We discuss nicotinamide’s role in the maintenance of 
mature central nervous system (CNS) neurons; its influence on 
neuronal health and survival during ageing, injury, and disease; 
and its potential as a therapeutic for neurodegenerative 
disease.
Vitamins and Their Role in Health
During the last century, a new class of nutritional supplements 
was identified. These ‘vitamins’ were defined as biologically 
active organic compounds essential for normal health and 
growth, which cannot, or can only partially, be synthesised by 
the human body. Grouped by their biological and chemical 
activity, 13 classes of vitamins (Table 1) are currently recog-
nised, having diverse biochemical functions such as regulation 
of cell and tissue growth, mineral metabolism, acting as coen-
zymes in metabolism, and directing cell differentiation.3 Thus, 
vitamins are essential for the development and maintenance of 
the body, with their deficiencies leading to conditions affecting 
multiple systems, such as pellagra, scurvy, rickets, bleeding dis-
orders, and vulnerability to infections.4 If untreated, vitamin 
deficiencies can lead to significant ill health and potentially 
death.
Nicotinamide, Nicotinamide Adenine Dinucleotide, 
and Neuronal Health
Nicotinamide, the water-soluble amide form of vitamin B3, is a 
key component of the metabolic pathway involved in the pro-
duction of nicotinamide adenine dinucleotide (NAD+). One 
source of nicotinamide is the diet, via intake of eggs, meat, fish, 
and mushrooms. A second source of nicotinamide is the 
metabolism of endogenous tryptophan, an essential amino 
acid. Nicotinamide can also be generated from niacin via the 
formation of NAD+.
Nicotinamide is stored in only small quantities in the liver, 
with most being either excreted or catabolised to provide other 
key metabolic products. It is difficult to achieve adverse effects 
from excessive intake, even with pharmacologically high doses, 
but overdose can cause hepatotoxicity in rare cases.5
The enzyme, nicotinamide phosphoribosyltransferase 
(NAMPT), catalyses the synthesis of nicotinamide mononu-
cleotide (NMN) from nicotinamide (Figure 1). Its role in the 
metabolic pathway for the biosynthesis of NAD (oxidised form 
NAD+; reduced form NADH) suggests its importance in cells 
that are sensitive to decreases in NAD levels, such as neurons.6 
NAD homeostasis has also been found to be altered with 
ageing7–10; thus, by influencing levels of NAD+ within neurons, 
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nicotinamide may play a key role in neuronal maturation and 
neuroprotection.
The enzyme NMN adenylyltransferase (NMNAT) con-
verts NMN to NAD+ (Figure 1). Three isozymes, NMNAT1, 
2, and 3, are localised to the nucleus, cytoplasm, or mitochon-
dria, respectively.11 An increase in NMNAT activity has been 
shown to lead to axonal protection in cultured neurons under-
going Wallerian degeneration, through a rise in nuclear NAD 
levels, leading to activation of the NAD-dependent protein 
deacetylase sirtuin 1 (SIRT1),12,13 implicating nicotinamide 
indirectly in neuroprotection.
In humans, nicotinamide undergoes some level of degrada-
tion, primarily through N-methylation to N-methyl nicotina-
mide via activity of the enzyme nicotinamide N-methyltransferase 
(NNMT). As mentioned above, the remaining metabolism of 
nicotinamide produces the NAD coenzymes in both the oxi-
dised and reduced forms (NAD+ and NADH) in addition to 
nicotinamide adenine nucleotide phosphate, which is vital in 
mitochondrial respiration to produce adenosine triphosphate 
(ATP), as well as being implicated in more than 200 enzymatic 
reactions including those conferring cell protective and antioxi-
dant roles (Figure 1).14–16
NAD+ can also be generated via tryptophan metabolism 
within the liver and kidneys17 and from dietary nicotinic acid 
and niacin. Tryptophan can be metabolised into small amounts 
of nicotinic acid mononucleotide (NAMN) that can then be 
converted to NAD+. However, 60 mg of tryptophan is required 
to yield the equivalent amount of NAMN generated from 
1 mg of niacin.18 Therefore, tryptophan is not a necessary sup-
plement to many Western, niacin-rich diets,19 although trypto-
phan alone can be enough to prevent niacin deficiency.17 
Tryptophan metabolism is a 9-step process and the first part of 
this, known as the kynurenine pathway,17 is altered in a number 
of neurodegenerative diseases including PD, Huntington’s dis-
ease (HD), and Alzheimer’s disease (AD)20,21 as well as other 
neurological disorders.22 This disruption may increase the pro-
duction of neurotoxins21–23 while also reducing NAD+ levels, 
leaving neurons more susceptible to damage. Thus, the finely 
balanced relationship between nicotinamide and NAD+ may 
greatly influence neuronal health.
Table 1. The thirteen recognised classes of vitamins and their roles.
VITAMIN OTHER NAMES ExAMpLES OF pHYSIOLOGICAL FUNCTIONS
Vitamin A Retinol, retinoic acid, 
retinal, carotenoid
Growth, maintenance of skin, bone development, maintenance 
of myelin, maintenance of vision
Vitamin B1 Thiamine Growth, appetite, digestion, nerve activity, energy production
Vitamin B2 Riboflavin Growth and development of foetus, redox systems, and 
respiratory enzymes; maintenance of mucosal, epithelial, and 
eye tissues
Vitamin B3 Nicotinamide, 
niacinamide, nicotinic 
acid, niacin
Maintenance of NAD and NADp, coenzyme in lipid catabolism, 
oxidative deamination
Vitamin B5 pantothenic acid Lipid metabolism, protein metabolism, part of coenzyme A in 
carbohydrate metabolism
Vitamin B6 pyridoxine, pyridoxol, 
adermine
Growth; protein, CHO, and lipid metabolism; coenzyme in amino 
acid metabolism
Vitamin B7 Biotin, protective factor x Growth; maintenance of skin, hair, bone marrow, and sex 
glands; biosynthesis of aspartate and unsaturated fatty acids
Vitamin B9 Folic acid, folacin, folinic 
acid
Synthesis of nucleic acid, differentiation of embryonic nervous 
system
Vitamin B12 Cobalamin Coenzyme in nucleic acid, protein, and lipid synthesis; 
maintenance of epithelial cells and nervous system
Vitamin C Ascorbic acid Absorption of iron, antioxidant, growth, wound healing, formation 
of cartilage, dentine, bone and teeth, maintenance of capillaries
Vitamin D Vitamin D3, cholecalciferol, 
calcitriol
Normal growth, Ca and p absorption, maintains and activates 
alkaline phosphatase in bone, maintains serum calcium and 
phosphorus levels
Vitamin E Tocopherol, Tokopharm, 
tocotrienols
Antioxidant, growth maintenance, aids absorption of unsaturated 
fatty acids, maintains muscular metabolism and integrity of 
vascular system and central nervous system
Vitamin K prothrombin factor, 
menaquinones
Blood-clotting mechanisms, electron transport mechanisms, 
growth, prothrombin synthesis in liver
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Nicotinamide in the Peripheral Nervous System
Nicotinamide has been linked with Wallerian degeneration, ie, 
the axon degeneration that occurs distal to an injury or sever-
ance within axons of the peripheral nervous system. In periph-
eral nerve explants from a mouse mutant with slowed Wallerian 
degeneration (the Wlds mutation), Wlds acts to protect severed 
neurons, in conjunction with Nmnat1 and SirT1, with Nmnat 
overexpression also able to rescue degenerating axons.24,25 
More recent studies suggest that NMNAT acts as a molecular 
chaperone to prevent protein misfolding and so protect key 
processes within neurons.26 Another piece of evidence to sug-
gest a role for nicotinamide in axon degeneration is the obser-
vation that NMN accumulates after nerve injury but prior to 
peripheral axon degeneration, and this can be ameliorated by 
inhibition of NAMPT, involved in the conversion of nicotina-
mide to NMN.27
Nicotinamide has been proposed to be a key player in 
peripheral neuropathy within the eye. Overexpression of 
Nmnat1 protected retinal ganglion cells (neurons) from axonal 
degeneration and cell death after ischaemic insult and chronic 
elevation of intraocular pressure, a model for glaucoma.28 In an 
aged mouse in vivo model, oral delivery of nicotinamide or 
enhanced expression of the Nmnat1 gene prevented both reti-
nal ganglion cell soma loss and thinning of the retinal nerve 
fibre layer.29 Similarly, in a mouse model of diabetes-induced 
neuropathy, sensory nerve endings within the cornea were 
Figure 1. Simplified schematic representation of the key pathways for the metabolism of nicotinamide, niacin, and tryptophan in the production of NAD+.
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protected through administration of nicotinamide riboside.30 
This effect could not be attributed to control of glucose alone, 
suggesting that other subcellular mechanisms are involved.
Another disease affecting the retinal pigment epithelium 
(RPE), and thus indirectly the photoreceptors transmitting 
sensory information to the optic nerve, is age-related macular 
degeneration (AMD). In a recent study, nicotinamide was 
shown to ameliorate the disease phenotype in RPE cells gener-
ated from pluripotent stem cell lines derived from patients 
with AMD, with nicotinamide and its associated pathways 
being proposed as targets for therapies for AMD.31
Nicotinamide in the CNS
A number of studies indicate that nicotinamide is essential for 
the growth and maintenance of the CNS, acting to promote 
neuronal differentiation and neuronal survival, respectively. For 
example, nicotinamide appears to enhance and accelerate the 
conversion of embryonic stem cells to neural progenitors32,33 
and neuronal differentiation from precursors34 suggesting a key 
role in neural development.
There is a wealth of evidence to suggest that NAD+ 
metabolism has a direct influence on neuronal survival in 
the CNS.35,36 NAD+ is an important substrate that acts on 
3 major classes of enzymes: the sirtuin family (SIRTs), the 
poly(ADP-ribose) polymerases (PARPs) and related adeno-
sine diphosphate (ADP)-ribose transferases (ARTs), and 
the cyclic ADP-ribose (cADPR) synthases, CD38 and 
CD157. A by-product of SIRT, PARP, and ART activity is 
nicotinamide. Nicotinamide can inhibit the activity of these 
enzymes through binding to NAD+. In addition, neurons 
contain only low levels of the enzyme NAMPT, required for 
the first step in the conversion of nicotinamide to NAD+, 
potentially lowering its availability in these cells. NAD+ 
levels decrease with ageing10 and this may be linked to low-
ered levels of NAMPT (for an excellent review see the work 
by Verdin35). Further evidence to support this comes from 
studies where the class of aminopropyl carbazole chemicals 
P7C3 has been found to exert neuroprotective effects in 
models of PD,37 stroke,38 and amyotrophic lateral sclerosis39 
through activation of NAMPT.40
There is evidence that nicotinamide can freely cross the 
blood-brain barrier in both directions.41 Interestingly, one 
study has suggested that this transport is not affected in neuro-
degenerative disease, indicating that systemic nicotinamide 
could be given as a treatment without fear of reduced access to 
the CNS.42 The NNMT messenger RNA (mRNA) is expressed 
in multiple CNS regions including the spinal cord, temporal 
lobe, medulla, cerebellum, and within the basal ganglia in the 
subthalamic nucleus, caudate nucleus, and the dopamine neu-
rons of the substantia nigra, of particular relevance to PD.43 
These findings highlight the capacity of nicotinamide to influ-
ence neuronal differentiation and health, fuelling interest in 
potential applications as a neuroprotective agent.
The Role of Nicotinamide in Neuronal Injury, 
Ischaemia, and Stroke
Since the turn of the century, nicotinamide has been recog-
nised as a key player in neuroprotection and neurorestoration 
in animal models of ischaemia.44,45 Nicotinamide has been 
shown to protect neuronal cells in a rodent model of ischaemic 
stroke and this effect is concentration dependent. In the early 
stages of developing cerebral infarction in the ischaemic brain, 
decreased levels of NAD+ are observed, preceding neuronal 
apoptosis. Studies have shown that intraperitoneal injection of 
500 mg/kg nicotinamide up to 2 hours after ischaemia decreased 
the infarct volume of rats and improved both sensory and 
motor behaviour when compared with non-treated animals.46
Prolonged hypoxia followed by re-oxygenation (reperfu-
sion) of neural tissue leads to impairment of NAD+/NADH 
recycling, termed hyperoxidation. Pre-treatment with nicotina-
mide can improve neuronal function, reduce NADH levels, 
and restore ATP levels.47 A similar effect was observed when 
the PARP-1 inhibitor PJ-34 was applied. Nicotinamide can 
inhibit PARP activity, consequently enhancing NAD produc-
tion, and this may be one mechanism of neuroprotection (dis-
cussed later in this review). Niacin metabolism may lead to 
long-term restoration of the blood and oxygen supply to dam-
aged neurons. Niacin given 24 hours after induction of experi-
mental stroke in the rat significantly increased levels of 
high-density lipoprotein cholesterol. This in turn promoted 
angiogenesis, arteriogenesis, and local cerebral blood flow, 
reducing functional deficits.44
Traumatic brain injury (TBI) is an area where nicotina-
mide may have a role as a therapeutic agent. Although the 
initial impact causing the trauma is highly damaging, the sec-
ondary sequelae create much of the lasting damage, through 
mechanisms such as inflammation, free radical generation, 
and excitotoxic cell death. Nicotinamide’s wide ranging influ-
ence on different cellular processes has made it a molecule 
worth exploring in TBI. Vonder Haar et al showed that infu-
sion of nicotinamide via osmotic minipumps, starting 30 min-
utes following a controlled cortical impact injury, significantly 
reduced the lesion size. This neuroprotection was correlated 
with improvement of sensory, motor, and cognitive skills, 
with animals showing improved scores on the bilateral tactile 
adhesive removal task, locomotor placing task, and reference 
memory paradigm of the Morris water maze, respectively.48 A 
more recent study showed further improvements in reducing 
cortical neuron loss after a contusion injury when nicotina-
mide was co-administered with progesterone. Results showed 
a significant decrease in cavitation, degenerating neurons and 
reactive astrocytes. Transcriptional profiling suggested a 
reduction in genes in both inflammatory and immune path-
ways. Progesterone and nicotinamide–co-treated animals 
reached higher scores on adhesive removal and forelimb plac-
ing tasks, compared with groups that received either treat-
ment alone.49
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The Role of Nicotinamide in Neurodegenerative 
Disease
Alzheimer’s disease
Alzheimer’s disease is one of the most common neurodegen-
erative diseases, affecting perhaps 30 million people world-
wide,50 who suffer slow cognitive decline. The characteristic 
pathology of AD involves the presence of amyloid β (Aβ) 
plaques and neurofibrillary tangles.51 The exact cause of AD is 
unknown, although genetic, environmental, and developmental 
factors are thought to be involved.52 Cases are highest in devel-
oped countries and are expected to rise, with the biggest 
increase occurring in developing countries.53 There is an urgent 
need to identify neuroprotective, and ideally neuro-regenera-
tive, treatments for AD, but clinical trials have thus far failed to 
reliably demonstrate efficacy in a substantial number of 
patients. However, several lines of evidence suggest that nicoti-
namide or related molecules may offer therapeutic benefits for 
patients with AD.54–61
For example, severe tryptophan/niacin deficiency leads to 
the syndrome pellagra, where patients can develop neurological 
deficits manifesting as dementia, and described as ‘premature 
ageing’.62 Symptoms are similar to AD and include psychosis, 
disorientation, memory loss, and confusion, which can all be 
combated by niacin supplementation.63 Although pellagra is 
seen primarily in young people in areas where diets are based 
mainly on corn (eg, Africa and India), it also occurs in adult-
hood in Western societies, eg, in alcoholics who are usually 
deficient in numerous vitamins or as a consequence of eating 
disorders such as anorexia nervosa.14 Niacin deficiency in age-
ing populations has been linked with dementia. In a study 
between 1993 and 2002 in the Chicago community, dietary 
levels of niacin were shown to be inversely related to the onset 
of AD, measured through at least 2 clinical cognitive evaluations.64 
It is not clear from these data whether niacin or nicotinamide 
may be the more important metabolite.
Nicotinamide and niacin produce cellular and molecular 
effects that may be relevant to AD. Elevated total cholesterol 
and low-density lipoproteins are linked directly to the pathol-
ogy of AD.44 Cholesterol in neurons contributes to Aβ forma-
tion and accumulation, and it has been suggested that increased 
levels of membrane cholesterol can make hippocampal neurons 
more sensitive to insults such as tau toxicity.65 Niacin decreases 
cholesterol levels both in the serum and intracellularly, which 
may offer protection in AD. Niacin upregulates peroxisome 
proliferator–activated receptor γ (PPARG) mRNA expression, 
promoting cholesterol efflux and so reducing cellular levels. 
Niacin also has been shown to upregulate liver X receptors, 
stimulation of which facilitates clearance of Aβ42,44 and may 
improve memory in an AD mouse model.66
Within the neuron, NAD+ serves as a substrate for the syn-
thesis of cADPR, used in calcium signalling, important for syn-
aptic plasticity. This is particularly important in the hippocampus, 
a structure critical for learning and memory. Thus, through 
maintaining levels of NAD+, nicotinamide could protect against 
age-dependent neuronal degeneration in the hippocampus. 
Interestingly, however, Young and Kirkland showed that 
decreased niacin intake and cADPR levels actually led to 
enhanced ability for spatial learning in adult male rats. When 
the diet was supplemented with nicotinamide, spatial learning 
ability then decreased.67 This suggests that nicotinamide’s rela-
tionship with hippocampal neurons and learning and memory 
may be more complex than predicted. Interestingly, the enzyme 
Nmnat2, which is involved in the conversion of nicotinamide to 
NAD+, has been linked to neuroprotection against tauopathy in 
a mouse model of dementia. Nmnat2 transcription was seen to 
be downregulated prior to neurodegeneration in a transgenic 
mouse model possessing a mutation associated with frontotem-
poral dementia. Injection of adeno-associated viruses overex-
pressing Nmnat2 in the hippocampus of these mice from 
6 weeks of age reduced the extent of neurodegeneration observed 
at 5 months.68 Lower levels of Nmnat2 mRNA and protein have 
also been observed in patients with AD, and its activity is linked 
to tau clearance.69 Green et al55 report that oral nicotinamide 
selectively reduces phosphoThr231-tau in a mouse model of 
AD, through a mechanism similar to SirT1 inhibition. This 
increased levels of microtubule stability–associated proteins and 
reduced cognitive deficits but did not affect Aβ pathology.
Mitochondrial dysfunction and bioenergetic deficits inter-
rupt synaptic plasticity and impair learning and memory. These 
mechanisms are increasingly proposed to be key to AD.56 
Neuronal mitochondrial function can be improved through 
increased NAD+ and the activity of SIRT1 and SIRT3.56 This 
has been achieved in a mouse model of AD, where nicotina-
mide treatment diminished learning and memory impair-
ment.59 Nicotinamide has also been shown to reduce oxidative 
stress in ex vivo and in vivo rat models of AD.61,70
The evidence outlined above has underpinned several clini-
cal trials for AD, using nicotinamide or NADH. In 1996, 
NADH was reported to improve mini mental state examina-
tion scores in patients with AD, although this was an open-
label trial for 8 to 12 weeks, with only 17 subjects and no 
controls.71 Rainer et  al72 failed to detect improved cognitive 
effects of NADH in patients with dementia (including AD). 
In 2004, a randomised double-blind clinical trial using NADH 
with patients with AD reported a halt in cognitive decline and 
superior verbal fluency (compared with placebo; n = 12 in treat-
ment group).73 A 2017 nicotinamide clinical trial (Safety Study 
of Nicotinamide to Treat Alzheimer’s Disease; NCT00580931) 
reported no increase in adverse events, supporting the relative 
safety of high (1500 mg, twice daily) nicotinamide doses.74 No 
improvements in the monitored cognitive functions were 
detected as the number of patients was small (n = 15) and the 
time-course was relatively short (24 weeks).74 A further clinical 
trial is investigating the effects of nicotinamide on the phos-
phorylation of tau (Nicotinamide as an Early Alzheimer’s 
Disease Treatment [NEAT]; NCT03061474) and is due to be 
completed in February 2019.
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Parkinson’s disease
One particular neurodegenerative disorder that may be influ-
enced by diet and nutrition is PD. A significant hallmark of 
this disorder is the death of midbrain dopamine neurons within 
the substantia nigra, leading to an imbalance in activity within 
the basal ganglia circuitry deep within the brain, manifesting in 
reduced movement (akinesia), rigidity, and tremor. About 95% 
of cases of PD cannot currently be attributed to genetic defects; 
therefore, science research has focussed on environmental fac-
tors that may influence the health of mature substantia nigra 
dopamine neurons.
Parkinson’s disease is characterised by neuronal inclusions 
comprising α-synuclein aggregates. Although the cause of the 
disease is currently unknown, one hypothesis is that the dopa-
mine neurons are compromised through oxidative stress, and 
more recently, it has been suggested that this oxidative stress 
may originate in the gastro-intestinal tract, leading to neuronal 
damage. People with PD have been shown to have increased 
intestinal permeability as well as α-synuclein aggregates and 
higher levels of oxidative stress in the gastro-intestinal tract. 
Although there is only limited evidence for a direct link 
between diet and PD, these data suggest that diets high in 
saturated fat from animal sources may have a negative impact 
on neuronal health, whereas unsaturated fats and foods con-
taining antioxidants may be protective, by reducing inflamma-
tion and oxidation.75
Vitamin B3 intake has been suggested to play both protec-
tive and detrimental roles in PD.14 NAD+ levels are found to 
be decreased in patients with PD76 and a reduced risk of PD is 
associated with higher consumption of foods containing 
niacin.77,78 The patients with PD taking niacin supplementa-
tion for other disorders reported an easing of the symptoms, 
although doses were stopped due to adverse side effects.79,80
NADH is fundamental for the normal functioning of 
mitochondrial complex 1, which is established to be defec-
tive in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced parkinsonism81 and idiopathic PD.82,83 NADH is also 
integral to the production of tetrahydrobiopterin,84 a co-factor 
necessary for tyrosine hydroxylase, the rate-limiting enzyme in 
catecholamine biosynthesis, also deficient in PD. In addition, 
NADH is linked to reduced glutathione, an important antioxi-
dant shown to be insufficient at the early stages of PD.15,85 
Thus, the ability for nicotinamide to increase levels of NADH 
or ATP might be therapeutic for compromised midbrain dopa-
mine neurons. In 2 mouse models of PD, nicotinamide has 
demonstrated neuroprotective properties by attenuating stri-
atal dopamine depletion and protecting substantia nigra pars 
compacta neurons in acute MPTP-treated mice.16
Levels of nicotinamide- NNMT have been shown to be 
increased in the cerebrospinal fluid and within specific neuron 
populations including the midbrain dopamine neurons, of 
patients with PD, suggesting a role in pathogenesis.43,86 Higher 
NNMT levels have been proposed to cause an increase in con-
version of nicotinamide to N-methyl nicotinamide, structurally 
related to the toxin N-methyl-4 phenylpyridinium (MPP+), 
the active MPTP derivative that selectively destroys dopamine 
neurons.85 In addition, increased NNMT activity leads to low-
ered mitochondrial complex 1 activity and impaired mitochon-
drial function, resulting in neurodegeneration.15,87 Given this, a 
high level of nicotinamide obtained from meat-rich diets has 
been proposed as a nutritional factor that, in excess, may pre-
dispose dopamine neurons to mitochondrial stress, triggering 
neuronal apoptosis and leading to PD.62,88 In support of this 
theory, our own work has shown that cultured stem cell–derived 
neurons respond positively to supplementation with nicotina-
mide within a dose range of 5 to 10 mM in vitro, but that a 
20-mM dose is highly toxic to all neurons.32
Altering the course of PD through dietary means is diffi-
cult, and further experimentation is needed to determine 
whether this modulation is impactful; however, potential exists 
for supplements such as prebiotics to beneficially modify the 
gut milieu, reducing constipation in individuals with PD. Due 
to the potential role of the gastrointestinal barrier in exposure 
to injurious factors, therapeutic intervention through whole 
foods, dietary patterns, and supplemental nutrition (probiotics, 
prebiotics, and synbiotics) may positively impact intestinal 
milieu and result in reduced inflammation and oxidation and 
reduced risk for PD.
Huntington’s disease
Similar to PD, neurodegeneration in HD has been associated 
with impaired mitochondrial function. Loss of GABAergic 
medium spiny projection neurons in the striatum is thought 
to occur through the mutant form of the protein huntingtin 
interfering with normal cellular processes such as respiration 
and energy metabolism, leading to neuronal dysfunction. 
Potential downstream effects on the neurons include altered 
protein trafficking and synaptic transmission, excitotoxicity 
through overstimulation of excitatory glutamatergic recep-
tors, altered calcium levels, generation of free radicals, and 
neuronal apoptosis. For over 2 decades, it has been known 
that mitochondrial toxins such as malonate or 3-nitropropi-
onic acid (3-NP) administered to rodents can induce striatal 
neuron degeneration.89–91 Administration of nicotinamide 
can attenuate the extent of striatal lesions produced by 
malonate and this effect has been seen both with a continual 
release paradigm (via infusion pump over 7 days) or when 
nicotinamide was given intraperitoneally just prior to and fol-
lowing the lesion surgery.92 There was an additive effect on 
neuroprotection when nicotinamide was delivered in combi-
nation with coenzyme Q10, an essential component of the 
electron transport chain and a free radical scavenger, suggest-
ing that multiple pathways may be involved in the neuropro-
tection observed.92
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Metabolic toxins such as malonate provide a crude insult to 
medium spiny striatal neurons. More recent research has 
assessed the effect of nicotinamide in a transgenic model of 
HD (the B6.HDR6/1 mouse model that expresses a mutant 
form of the human HD gene where exon 1 contains an 
expanded stretch of approximately 125 CAG repeats), thought 
to more closely replicate the disease process. Nicotinamide 
delivered either through an osmotic minipump or in the drinking 
water increased brain levels of brain-derived neurotrophic fac-
tor (BDNF) and PPARG (PGC-1α) concomitantly improv-
ing movement control, measured in the open-field, rotarod, 
and balance beam tasks. Interestingly, behavioural improve-
ment was not associated with any decrease in abnormal aggre-
gation of Huntington protein and did not prevent late-stage 
weight loss.93 Conversely, nicotinamide administered to an 
alternate transgenic model (YAC128 mice, expressing the 
entire human HD gene with exon 1 containing 128 CAG 
repeats) did not lead to an improvement in motor behaviours 
and in wild-type control animals actually worsened their motor 
performance.94 The latter study compared nicotinamide 
directly against resveratrol to investigate their effects as either a 
SirT1 inhibitor or activator, respectively. In contrast to nicoti-
namide, resveratrol improved motor performance. Interestingly, 
both molecules had a positive effect on cultured striatal and 
cortical neurons derived from YAC128 mice, suggesting that 
opposed actions on SirT1 could lead to a similarly positive sur-
vival outcome.94
Mechanisms for neuroprotection by nicotinamide
Rather than just being a nutritional factor, nicotinamide has 
been shown to both prevent and reverse the injury of neuronal 
and endothelial cells. Nicotinamide can support DNA stability 
and can maintain membrane integrity, preventing cellular 
injury, phagocytosis, apoptosis, and vascular clot formation.45
One mechanism by which nicotinamide may act is simply to 
restore ATP levels within neurons. For instance, MPTP, used 
to create a model of PD, inhibits the mitochondrial complex 1 
selectively within dopaminergic neurons, leading to ATP 
depletion and formation of reactive oxygen species (ROS), ulti-
mately leading to cell death. Anderson et al16 propose that sub-
acute MPTP exposure leading to an energy crisis in the neurons 
can be ameliorated by nicotinamide, through restoration of 
intracellular NAD+ and ATP levels.
Nicotinamide’s neuroprotective capacity has been linked to 
PARP, an enzyme implicated in DNA repair and cell death 
that, in excess, causes depletion of both NAD+ and ATP. 
PARP is activated in response to DNA damage, possibly through 
oxygen-free radicals, where it catalyses NAD+ into ADP-
ribose and nicotinamide.95 Overactivation of PARP leads to 
NAD+ depletion and lowers ATP levels.62 Nicotinamide can 
inhibit the activity of PARP, thereby protecting cells from oxi-
dative stress, apoptosis, and necrotic forms of cell death.
The importance of nicotinamide in replenishment of NAD+ 
levels also links with the transmembrane glycoprotein CD38. 
Through consumption of NAD+, CD38 synthesises and 
hydrolyses cADPR and ADP-ribose96 and may have a role in 
regulating NAD levels.97 The activity of this NADase has been 
found to increase with age and is responsible for age-related 
decline of NAD.98 Cells overexpressing CD38 not only have 
lower NAD levels but also have a reduction in proteins associ-
ated with antioxidant defence, leaving them more susceptible 
to oxidative stress.99 CD38 is also implicated in the degrada-
tion of NMN98 meaning that an increase in activity could not 
only degrade NAD but also lower production levels, necessitat-
ing the need for extra nicotinamide. Another protein responsi-
ble for NAD depletion is sterile alpha and TIR motif containing 
1 (SARM1). After axonal damage expression of SARM1 
mediates axon degeneration while depleting NAD+, however, 
degeneration can be blocked by expression of NMNAT1 and 
Nampt.100,101
An alternative mechanism of action for nicotinamide is 
through inhibition of the NAD-dependent deacetylase SIRT1. 
SIRT1 is expressed throughout the CNS, predominantly within 
the nucleus of neurons, and is found within brain regions that 
are susceptible to neurodegeneration seen with ageing.102 It has 
been associated with the conversion of neural progenitors to a 
neuronal fate103 and then to specific neuronal phenotypes, 
including motor neurons of the spinal cord.104 Changes in 
SIRT1 levels have also been implicated in neuronal ageing and 
neurodegeneration.12,105 Increased SIRT1 levels have been 
associated with neuroprotection in AD through targeting both 
Aβ and tau proteins. In PD, SIRT1 may protect dopamine neu-
rons through activating heat shock factor 1 (HSF1) levels in 
dopamine neurons, and in HD, through activation of CREB-
regulated transcription coactivator 1 (TORC1) and subse-
quently BDNF levels.105 However, experimental data have to be 
interpreted in the context of NAD levels within neuronal popu-
lations as sirtuins require NAD for their bioactivity and there-
fore SIRT1 may show opposite effects when present with either 
low or high levels of NAD, respectively.
Nicotinamide has also been shown to influence DNA deg-
radation via a number of cell pathways, eg, activating protein 
kinase B (Akt), which phosphorylates the forkhead transcrip-
tion factor (FKHRL1), inhibiting apoptosis. Activation of Akt 
maintains mitochondrial membrane polarisation, preventing 
the release of cytochrome C, thus averting cellular injury.45 
Nicotinamide can also act as an inhibitor of caspase 1, caspase 
3, and caspase 8 during cellular injury, in turn preventing the 
release of cytochrome C and inhibiting apoptosis.45,106
Nicotinamide may also act to prevent neurodegeneration 
through altering calcium signalling. Calcium signalling plays a 
major role in many neuronal processes including axon elonga-
tion and response to external stimuli. However, there is evidence 
from studies on Wallerian degeneration and neurodegenerative 
disease that axonal degeneration leads to an inability to control 
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calcium levels, and that a rise in calcium within the axon creates 
neurotoxicity, causing neuronal death.107 Aberrant calcium 
signalling has also been implicated in the mechanism by which 
neuroinflammation causes neurodegeneration, suggesting 
that calcium receptors may be a target for neuroprotective 
therapies.108 Nicotinamide has been shown to be an inhibitor of 
cADPR in sea urchin eggs by interfering with the mobilising 
activity of the key intracellular signalling molecules: β-
NAD+, cyclic GMP, and nitric oxide – modulators of cADPR 
synthesis.109
Nicotinamide and NAD also have implications in immune 
cell modulation110 and with activated microglia found at sites 
of neurodegeneration,111 these molecules could work through 
anti-inflammatory means. GPR109A, an anti-inflammatory 
G-protein receptor present on macrophages, has been found in 
higher levels in patients with PD76; however, treatment with 
niacin reduces these expression levels.80
More evidence for the mechanisms by which nicotinamide 
confers neuroprotection comes from studies of the vascular 
system. A body of evidence suggests that vascular ageing and 
associated endothelial breakdown are linked to an increase in 
ROS within vascular cells such as the progenitors that are 
required for endothelial repair.112 Lowering levels of ROS, eg, 
through dietary caloric restriction may stimulate ROS-
dependent protective pathways, such as those involving SIRT1, 
and have anti-inflammatory effects on endothelial cells.113 
Nicotinamide itself has been investigated in mouse models as a 
treatment option for pre-eclampsia. Increased dietary intake of 
nicotinamide was shown to improve the health of both moth-
ers and pups, decreasing blood pressure and endotheliosis. The 
authors suggest that the mode of action of nicotinamide was 
through restoration of foetal ATP synthesis, mostly likely 
through inhibition of cADPR.114
Clearly, there are a number of mechanisms implicated for 
nicotinamide’s role in neurodegeneration or neuroprotection, 
due to its activity in so many cellular processes conferring 
energy generation and cellular protection and repair, and evi-
denced from numerous body systems as well as the CNS. 
Teasing out specific downstream effects of nicotinamide’s 
activity remains a challenge, but one worth exploring.
Summary
There is a growing body of evidence that nicotinamide is 
implicated in neuronal differentiation and health, neuronal 
injury, and neurodegeneration in the CNS. Changes in nicoti-
namide levels have been linked with AD, PD, and HD, and 
nicotinamide treatment in animal models has shown ameliora-
tion of neurodegeneration and associated behavioural recovery. 
Equally, there is evidence of nicotinamide being used as a 
restorative agent in animal models of neuronal injury and 
ischaemia.
The plethora of intracellular systems influenced by nicoti-
namide levels makes it difficult to determine precise mechanisms 
of action by this dietary metabolite. However, it is becoming 
clear that nicotinamide should be titrated to balanced levels in 
the CNS to avoid neural sequelae caused by either too little or 
too much nicotinamide within mature neurons.
With this in mind, supporting neuronal health through 
good dietary supplementation and management of small bio-
active molecules such as nicotinamide appears an exciting and 
achievable prospect.
Acknowledgements
This concise review article was specifically commissioned for 
the special issue of the International Journal of Tryptophan 
Research on tryptophan metabolism and neurodegenerative 
diseases. We summarise global research into the mechanisms 
by which the active tryptophan metabolite nicotinamide may 
cause or prevent neurodegenerative disease, with specific focus 
on the CNS. Thus, this article aims to help readers to identify 
high-quality evidence to develop an informed opinion on the 
potential of nicotinamide to prevent or combat neuronal death.
Author Contributions
RAF wrote the first draft of the manuscript. SMG, ELG, and 
SIJ contributed to the writing of the manuscript and agree with 
manuscript results and conclusions. ELG and SIJ made critical 
revisions and approved final version. All authors reviewed and 
approved the final manuscript.
Disclosures and Ethics
As a requirement of publication, authors have provided to the 
publisher signed confirmation of compliance with legal and 
ethical obligations including but not limited to the following: 
authorship and contributorship, conflicts of interest, privacy 
and confidentiality, and (where applicable) protection of human 
and animal research subjects. The authors have read and con-
firmed their agreement with the ICMJE authorship and con-
flict of interest criteria. The authors have also confirmed that 
this article is unique and not under consideration or published 
in any other publication, and that they have permission from 
rights holders to reproduce any copyrighted material. The 
external blind peer reviewers report no conflicts of interest.
REfERENCES
 1. Seidl SE, Santiago JA, Bilyk H, Potashkin JA. The emerging role of nutrition in 
Parkinson’s disease. Front Aging Neurosci. 2014;6:36. doi:10.3389/fnagi.2014. 
00036.
 2. Agim ZS, Cannon JR. Dietary factors in the etiology of Parkinson’s disease. 
Biomed Res Int. 2015;2015:672838. doi:10.1155/2015/672838.
 3. Kraemer K, Semba RD, Eggersdorfer M, Schaumberg DA. Introduction: the 
diverse and essential biological functions of vitamins. Ann Nutr Metab. 
2012;61:185–191. doi:10.1159/000343103.
 4. Semba RD. The discovery of the vitamins. Int J Vitam Nutr Res. 2012;82:310–
315. doi:10.1024/0300-9831/a000124.
 5. Knip M, Douek IF, Moore WPT, et al. Safety of high-dose nicotinamide: a 
review. Diabetologia. 2000;43:1337–1345. doi:10.1007/s001250051536.
 6. Imai S. Nicotinamide phosphoribosyltransferase (Nampt): a link between NAD 
biology, metabolism, and diseases. Curr Pharm Des. 2009;15:20–28. doi:10.2174/ 
138161209787185814.
 7. Braidy N, Poljak A, Grant R, et al. Mapping NAD+ metabolism in the brain of 
ageing Wistar rats: potential targets for influencing brain senescence. Biogeron-
tology. 2014;15:177–198. doi:10.1007/s10522-013-9489-5.
Fricker et al 9
 8. Massudi H, Grant R, Braidy N, Guest J, Farnsworth B, Guillemin GJ. Age-
associated changes in oxidative stress and NAD+ metabolism in human tissue. 
PLoS ONE. 2012;7:e42357. doi:10.1371/journal.pone.0042357.
 9. Zhu X-H, Lu M, Lee B-Y, Ugurbil K, Chen W. In vivo NAD assay reveals the 
intracellular NAD contents and redox state in healthy human brain and their age 
dependences. Proc Natl Acad Sci U S A. 2015;112:2876–2881. doi:10.1073/pnas. 
1417921112.
 10. Gomes AP, Price NL, Ling AJY, et al. Declining NAD+ induces a pseudohy-
poxic state disrupting nuclear-mitochondrial communication during aging. 
2013;155:1624–1638. doi:10.1016/j.cell.2013.11.037.
 11. Jayaram HN, Kusumanchi P, Yalowitz JA. NMNAT expression and its relation 
to NAD metabolism. Curr Med Chem. 2011;18:1962–1972.
 12. Araki T, Sasaki Y, Milbrandt J. Increased nuclear NAD biosynthesis and SIRT1 
activation prevent axonal degeneration. Science. 2004;305:1010–1013. 
doi:10.1126/science.1098014.
 13. Bedalov A, Simon JA. Neuroscience. NAD to the rescue. Science. 2004;305:954–
955. doi:10.1126/science.1102497.
 14. Williams A, Ramsden D. Nicotinamide: a double edged sword. Park Relat Dis-
ord. 2005;11:413–420. doi:10.1016/j.parkreldis.2005.05.011.
 15. Williams AC, Cartwright LS, Ramsden DB. Parkinson’s disease: the first com-
mon neurological disease due to auto-intoxication? QJM. 2005;98:215–226. 
doi:10.1093/qjmed/hci027.
 16. Anderson DW, Bradbury KA, Schneider JS. Broad neuroprotective profile of 
nicotinamide in different mouse models of MPTP-induced parkinsonism. Eur J 
Neurosci. 2008;28:610–617. doi:10.1111/j.1460-9568.2008.06356.x.
 17. Fukuwatari T, Shibata K. Nutritional aspect of tryptophan metabolism. Int J 
Tryptophan Res. 2013;6:3–8. doi:10.4137/IJTR.S11588.
 18. Authority EFS. Scientific opinion on dietary reference values for niacin. EFSA J. 
2014;12:3759. doi:10.2903/j.efsa.2014.3759.
 19. Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N, 
Dougherty DM. L-tryptophan: basic metabolic functions, behavioral research 
and therapeutic indications. Int J Tryptophan Res. 2009;2:45–60.
 20. Szabó N, Kincses ZT, Toldi J, Vécsei L. Altered tryptophan metabolism in Par-
kinson’s disease: a possible novel therapeutic approach. J Neurol Sci. 2011;310:256–
260. doi:10.1016/j.jns.2011.07.021.
 21. Maddison DC, Giorgini F. The kynurenine pathway and neurodegenerative dis-
ease. Semin Cell Dev Biol. 2015;40:134–141. doi:10.1016/j.semcdb.2015.03.002.
 22. Davis I, Liu A. What is the tryptophan kynurenine pathway and why is it impor-
tant to neurotherapeutics? Expert Rev Neurother. 2015;15:719–721. doi:10.1586/
14737175.2015.1049999.
 23. Okuda S, Nishiyama N, Saito H, Katsuki H. 3-Hydroxykynurenine, an endog-
enous oxidative stress generator, causes neuronal cell death with apoptotic fea-
tures and region selectivity. J Neurochem. 2002;70:299–307. doi:10.1046/j.1471- 
4159.1998.70010299.x.
 24. Coleman MP, Freeman MR. Wallerian degeneration, WldS, and Nmnat. Annu 
Rev Neurosci. 2010;33:245–267. doi:10.1146/annurev-neuro-060909-153248.
 25. Conforti L, Gilley J, Coleman MP. Wallerian degeneration: an emerging axon 
death pathway linking injury and disease. Nat Rev Neurosci. 2014;15:394–409. 
doi:10.1038/nrn3680.
 26. Brazill JM, Li C, Zhu Y, Zhai RG. NMNAT: it’s an NAD+ synthase . . . It’s a 
chaperone . . . It’s a neuroprotector. Curr Opin Genet Dev. 2017;44:156–162. 
doi:10.1016/j.gde.2017.03.014.
 27. Stefano M, Di Orsomando G, Mori V, et al. A rise in NAD precursor nicotin-
amide mononucleotide (NMN) after injury promotes axon degeneration. Cell 
Death Differ. 2015;22:731–742. doi:10.1038/cdd.2014.164.
 28. Zhu Y, Zhang L, Sasaki Y, Milbrandt J, Gidday JM. Protection of mouse retinal 
ganglion cell axons and soma from glaucomatous and ischemic injury by cyto-
plasmic overexpression of Nmnat1. Invest Ophthalmol Vis Sci. 2013;54:25–36. 
doi:10.1167/iovs.12-10861.
 29. Williams PA, Harder JM, Foxworth NE, et al. Vitamin B3 modulates mito-
chondrial vulnerability and prevents glaucoma in aged mice. Science. 
2017;355:756–760. doi:10.1120/science.aal0092.
 30. Trammell SAJ, Schmidt MS, Weidemann BJ, et al. Nicotinamide riboside is 
uniquely and orally bioavailable in mice and humans. Nat Commun. 2016;7:12948. 
doi:10.1038/ncomms12948.
 31. Saini JS, Corneo B, Miller JD, et al. Nicotinamide ameliorates disease pheno-
types in a human iPSC model of age-related macular degeneration. Cell Stem 
Cell. 2017;20:635–647.e7. doi:10.1016/j.stem.2016.12.015.
 32. Griffin SM, Pickard MR, Orme RP, Hawkins CP, Fricker RA. Nicotinamide 
promotes neuronal differentiation of mouse embryonic stem cells in vitro. Neuro-
report. 2013;24:1041–1046. doi:10.1097/WNR.0000000000000071.
 33. Griffin M, Pickard MR, Orme RP, Hawkins CP. Nicotinamide alone accelerates 
the conversion of mouse embryonic stem cells into mature neuronal populations. 
2017;12:e0183358.
 34. Hernandez-Martinez J-M, Forrest CM, Darlington LG, Smith RA, Stone TW. 
Quinolinic acid induces neuritogenesis in SH-SY5Y neuroblastoma cells indepen-
dently of NMDA receptor activation. Eur J Neurosci. 2017;45:700–711. doi:10.1111/
ejn.13499.
 35. Verdin E. NAD+ in aging, metabolism, and neurodegeneration. Science. 
2015;350:1208–1213. http://science.sciencemag.org/content/sci/350/6265/1208.
full.pdf. Accessed October 17, 2017.
 36. Katsyuba E, Auwerx J. Modulating NAD+ metabolism, from bench to bedside. 
EMBO J. 2017;36:2670–2683. doi:10.15252/embj.201797135.
 37. De Jesús-Cortés H, Miller AD, Britt JK, et al. Protective efficacy of P7C3-S243 
in the 6-hydroxydopamine model of Parkinson’s disease. NPJ Parkinsons Dis. 
2015;1:15010. doi:10.1038/npjparkd.2015.10.
 38. Loris ZB, Pieper AA, Dalton Dietrich W. The neuroprotective compound 
P7C3-A20 promotes neurogenesis and improves cognitive function after isch-
emic stroke. Exp Neurol. 2017;290:63–73. doi:10.1016/j.expneurol.2017.01.006.
 39. Tesla R, Parker H, Xu P, Drawbridge J, Jo S, Huntington P. Neuroprotective effi-
cacy of aminopropyl carbazoles in a mouse model of amyotrophic lateral sclerosis. 
Proc Natl Acad Sci U S A. 2012;109:17016–17021. doi:10.1073/pnas.1213960109/-/
DCSupplemental.
 40. Wang G, Han T, Nijhawan D, et al. P7C3 neuroprotective chemicals function by 
activating the rate-limiting enzyme in NAD salvage. Cell. 2014;158:1324–1334. 
doi:10.1016/j.cell.2014.07.040.P7C3.
 41. Spector R. Niacinamide transport through the blood-brain barrier. Neurochem 
Res. 1987;12:27–31.
 42. Hankes LV, Coenen HH, Rota E, et al. Effect of Huntington’s and Alzheimer’s 
diseases on the transport of nicotinic acid or nicotinamide across the human 
blood-brain barrier. Adv Exp Med Biol. 1991;294:675–678.
 43. Parsons RB, Smith M-L, Williams AC, Waring RH, Ramsden DB. Expres-
sion of nicotinamide N-methyltransferase (E.C. 2.1.1.1) in the Parkinsonian 
brain. J Neuropathol Exp Neurol. 2002;61:111–124. http://www.ncbi.nlm.nih.
gov/pubmed/11853016.
 44. Chen J, Chopp M. Niacin, an Old Drug, has New Effects on Central Nervous 
System Disease. Open Drug Discov J. 2010;2:181–186.
 45. Maiese K, Chong ZZ. Nicotinamide: necessary nutrient emerges as a novel cyto-
protectant for the brain. Trends Pharmacol Sci. 2003;24:228–232. doi:10.1016/
S0165-6147(03)00078-6.
 46. Mokudai T, Ayoub IA, Sakakibara Y, Lee EJ, Ogilvy CS, Maynard KI. Delayed 
treatment with nicotinamide (vitamin B(3)) improves neurological outcome and 
reduces infarct volume after transient focal cerebral ischemia in Wistar rats. 
Stroke. 2000;31:1679–1685. doi:10.1161/01.STR.31.7.1679.
 47. Shetty PK, Galeffi F, Turner DA. Nicotinamide pre-treatment ameliorates 
NAD(H) hyperoxidation and improves neuronal function after severe hypoxia. 
Neurobiol Dis. 2014;62:469–478. doi:10.1016/j.nbd.2013.10.025.
 48. Vonder Haar C, Anderson GD, Hoane MR. Continuous nicotinamide adminis-
tration improves behavioral recovery and reduces lesion size following bilateral 
frontal controlled cortical impact injury. Behav Brain Res. 2011;224:311–317. 
doi:10.1016/j.bbr.2011.06.009.
 49. Peterson TC, Hoane MR, McConomy KS, et al. A combination therapy of nico-
tinamide and progesterone improves functional recovery following traumatic 
brain injury. J Neurotrauma. 2015;32:765–779. doi:10.1089/neu.2014.3530.
 50. Kepp KP. Ten challenges of the amyloid hypothesis of Alzheimer’s disease. J 
Alzheimers Dis. 2017;55:447–457. doi:10.3233/JAD-160550.
 51. Kumar A, Singh A, Ekavali E. A review on Alzheimer’s disease pathophysiology 
and its management: an update. Pharmacol Rep. 2015;67:195–203. doi:10.1016/j.
pharep.2014.09.004.
 52. Anand R, Gill KD, Mahdi AA. Therapeutics of Alzheimer’s disease: past, pres-
ent and future. Neuropharmacology. 2014;76:27–50. doi:10.1016/j.neuropharm. 
2013.07.004.
 53. Ferri CP, Prince M, Brayne C, et al. Global prevalence of dementia: a Delphi con-
sensus study. Lancet. 2005;366:2112–2117. doi:10.1016/S0140-6736(05)67889-0.
 54. Braidy N, Guillemin G, Grant R. Promotion of cellular NAD+ anabolism: ther-
apeutic potential for oxidative stress in ageing and Alzheimer’s disease. Neurotox 
Res. 2008;13:173–184. doi:10.1007/BF03033501.
 55. Green KN, Steffan JS, Martinez-Coria H, et al. Nicotinamide restores cognition 
in Alzheimer’s disease transgenic mice via a mechanism involving sirtuin inhibi-
tion and selective reduction of Thr231-phosphotau. J Neurosci. 2008;28:11500–
11510. doi:10.1523/JNEUROSCI.3203-08.2008.
 56. Kerr JS, Adriaanse BA, Greig NH, et al. Mitophagy and Alzheimer’s disease: 
cellular and molecular mechanisms. Trends Neurosci. 2017. doi:10.1016/j.
tins.2017.01.002.
 57. Chi Y, Sauve AA. Nicotinamide riboside, a trace nutrient in foods, is a vitamin 
B3 with effects on energy metabolism and neuroprotection. Curr Opin Clin Nutr 
Metab Care. 2013;16:657–661. doi:10.1097/MCO.0b013e32836510c0.
 58. Gong B, Pan Y, Vempati P, et al. Nicotinamide riboside restores cognition 
through an upregulation of proliferator-activated receptor-γ coactivator 1α 
regulated β-secretase 1 degradation and mitochondrial gene expression in 
Alzheimer’s mouse models. Neurobiol Aging. 2013;34:1581–1588. doi:10.1016/j.
neurobiolaging.2012.12.005.
 59. Liu D, Pitta M, Jiang H, et al. Nicotinamide forestalls pathology and cognitive 
decline in Alzheimer mice: evidence for improved neuronal bioenergetics and 
autophagy procession. Neurobiol Aging. 2013;34:1564–1580. doi:10.1016/j.
neurobiolaging.2012.11.020.
10 International Journal of Tryptophan Research 
 60. Long AN, Owens K, Schlappal AE, Kristian T, Fishman PS, Schuh RA. Effect of 
nicotinamide mononucleotide on brain mitochondrial respiratory deficits in an 
Alzheimer’s disease-relevant murine model. BMC Neurol. 2015;15:19. doi:10.1186/
s12883-015-0272-x.
 61. Turunc Bayrakdar E, Armagan G, Uyanikgil Y, Kanit L, Koylu E, Yalcin A. Ex 
vivo protective effects of nicotinamide and 3-aminobenzamide on rat synapto-
somes treated with Aβ(1–42). Cell Biochem Funct. 2014;32:557–564. doi:10.1002/
cbf.3049.
 62. Williams AC, Hill LJ, Ramsden DB. Nicotinamide, NAD(P)(H), and methyl-
group homeostasis evolved and became a determinant of ageing diseases: hypoth-
eses and lessons from pellagra. Curr Gerontol Geriatr Res. 2012;2012:302875. 
doi:10.1155/2012/302875.
 63. Morris MC, Schneider JA, Tangney CC. Thoughts on B-vitamins and dementia. 
J Alzheimers Dis. 2006;9:429–433.
 64. Morris MC, Evans DA, Bienias JL, et al. Dietary niacin and the risk of incident 
Alzheimer’s disease and of cognitive decline. J Neurol Neurosurg Psychiatry. 
2004;75:1093–1099. doi:10.1136/jnnp.2003.025858.
 65. Nicholson AM, Ferreira A. Increased membrane cholesterol might render 
mature hippocampal neurons more susceptible to -amyloid-induced calpain acti-
vation and tau toxicity. J Neurosci. 2009;29:4640–4651. doi:10.1523/
JNEUROSCI.0862-09.2009.
 66. Vanmierlo T, Rutten K, Dederen J, et al. Liver X receptor activation restores 
memory in aged AD mice without reducing amyloid. Neurobiol Aging. 
2011;32:1262–1272. doi:10.1016/j.neurobiolaging.2009.07.005.
 67. Young GS, Kirkland JB. The role of dietary niacin intake and the adenosine-
5’-diphosphate-ribosyl cyclase enzyme CD38 in spatial learning ability: is cyclic 
adenosine diphosphate ribose the link between diet and behaviour? Nutr Res Rev. 
2008;21:42–55. doi:10.1017/S0954422408945182.
 68. Ljungberg MC, Ali YO, Zhu J, et al. CREB-activity and NMNAT2 transcrip-
tion are down-regulated prior to neurodegeneration, while NMNAT2 over-
expression is neuroprotective, in a mouse model of human tauopathy. Hum Mol 
Genet. 2012;21:251–267. doi:10.1093/hmg/ddr492.
 69. Ali YO, Allen HM, Yu L, et al. NMNAT2: HSP90 complex mediates proteos-
tasis in proteinopathies. PLoS Biol. 2016;14:e1002472. doi:10.1371/journal.
pbio.1002472.
 70. Turunc Bayrakdar E, Uyanikgil Y, Kanit L, Koylu E, Yalcin A. Nicotinamide 
treatment reduces the levels of oxidative stress, apoptosis, and PARP-1 activity 
in Aβ(1–42)-induced rat model of Alzheimer’s disease. Free Radic Res. 
2014;48:146–158. doi:10.3109/10715762.2013.857018.
 71. Birkmayer JGD. Coenzyme nicotinamide adenine dinucleotide: new therapeutic 
approach for improving dementia of the Alzheimer type. Ann Clin Lab Sci. 
1996;26:1–9.
 72. Rainer M, Kraxberger E, Haushofer M, Mucke HAM, Jellinger KA. No evi-
dence for cognitive improvement from oral nicotinamide adenine dinucleotide 
(NADH) in dementia. Short communication. J Neural Transm. 2000;107:1475–
1481. doi:10.1007/s007020070011.
 73. Demarin V, Podobnik Sarkanji S, Storga-Tomic D, Kay G. Treatment of 
Alzheimer’s disease with stabilized oral nicotinamide adenine dinucleotide: a 
randomized, double-blind study. Drugs Exp Clin Res. 2004;30:27–33.
 74. Phelan MJ, Mulnard RA, Gillen DL, Schreiber SS. Phase II clinical trial of nic-
otinamide for the treatment of mild to moderate Alzheimer’s disease. J Geriatr 
Med Gerontol. 2017;3:021. doi:10.23937/2469-5858/1510021.
 75. Rasmussen HE, Piazza BR, Forsyth CB, Keshavarzian A. Nutrition and gastro-
intestinal health as modulators of Parkinson’s disease. In: Pharma-Nutrition. 
Cham: Springer; 2014:213.
 76. Wakade C, Chong R, Bradley E, Thomas B, Morgan J. Upregulation of 
GPR109A in Parkinson’s disease. PLoS ONE. 2014;9:e109818. doi:10.1371/
journal.pone.0109818.
 77. Hellenbrand W, Boeing H, Robra BP, et al. Diet and Parkinson’s disease. II: a pos-
sible role for the past intake of specific nutrients. Results from a self-administered 
food-frequency questionnaire in a case-control study. Neurology. 1996;47:644–650.
 78. Fall PA, Fredrikson M, Axelson O, Granérus AK. Nutritional and occupational 
factors influencing the risk of Parkinson’s disease: a case-control study in south-
eastern Sweden. Mov Disord. 1999;14:28–37. doi:10.1002/1531-8257(199901)14.
 79. Alisky JM. Niacin improved rigidity and bradykinesia in a Parkinson’s disease 
patient but also caused unacceptable nightmares and skin rash – a case report. 
Nutr Neurosci. 2005;8:327–329. doi:10.1080/10284150500484638.
 80. Wakade C, Chong R, Bradley E, Morgan JC. Low-dose niacin supplementation 
modulates GPR109A, niacin index and ameliorates Parkinson’s disease symp-
toms without side effects. Clin Case Rep. 2015;3:635–637. doi:10.1002/ccr3.232.
 81. Nicklas WJ, Vyas I, Heikkila RE. Inhibition of NADH-linked oxidation in brain 
mitochondria by 1-methyl-4-phenyl-pyridine, a metabolite of the neurotoxin, 
1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine. Life Sci. 1985;36:2503–2508.
 82. Mizuno Y, Ohta S, Tanaka M, et al. Deficiencies in complex I subunits of the 
respiratory chain in Parkinson’s disease. Biochem Biophys Res Commun. 
1989;163:1450–1455. doi:10.1016/0006-291X(89)91141-8.
 83. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. Mito-
chondrial complex I deficiency in Parkinson’s disease. J Neurochem. 
1990;54:823–827.
 84. Lovenberg W, Levine R, Robinson D, Ebert M, Williams A, Calne D. Hydrox-
ylase cofactor activity in cerebrospinal fluid of normal subjects and patients with 
Parkinson’s disease. Science. 1979;204:624–626. doi:10.1126/science.432666.
 85. Williams AC, Ramsden DB. Autotoxicity, methylation and a road to the preven-
tion of Parkinson’s disease. J Clin Neurosci. 2005;12:6–11. doi:10.1016/j.
jocn.2004.10.002.
 86. Aoyama K, Matsubara K, Kondo M, et al. Nicotinamide-N-methyltransferase is 
higher in the lumbar cerebrospinal fluid of patients with Parkinson’s disease. 
Neurosci Lett. 2001;298:78–80. doi:10.1016/S0304-3940(00)01723-7.
 87. Parsons RB, Smith SW, Waring RH, Williams AC, Ramsden DB. High expres-
sion of nicotinamide N-methyltransferase in patients with idiopathic Parkinson’s 
disease. Neurosci Lett. 2003;342:13–16. doi:10.1016/S0304-3940(03)00218-0.
 88. Williams AC, Ramsden DB. Nicotinamide homeostasis: a xenobiotic pathway 
that is key to development and degenerative diseases. Med Hypotheses. 
2005;65:353–362. doi:10.1016/j.mehy.2005.01.042.
 89. Beal MF, Brouillet E, Jenkins B, Henshaw R, Rosen B, Hyman BT. Age-dependent 
striatal excitotoxic lesions produced by the endogenous mitochondrial inhibitor 
malonate. J Neurochem. 1993;61:1147–1150. doi:10.1111/j.1471-4159.1993.
tb03633.x.
 90. Beal MF, Brouillet E, Jenkins BG, et al. Neurochemical and histologic charac-
terization of striatal excitotoxic lesions produced by the mitochondrial toxin 
3-nitropropionic acid. J Neurosci. 1993;13:4181–4192.
 91. Meldrum A, Page KJ, Everitt BJ, Dunnett SB. Age-dependence of malonate-
induced striatal toxicity. Exp Brain Res. 2000;134:335–343. doi:10.1007/
s002210000465.
 92. Beal MF, Henshaw DR, Jenkins BG, Rosen BR, Schulz JB. Coenzyme Q10 and 
nicotinamide block striatal lesions produced by the mitochondrial toxin malo-
nate. Ann Neurol. 1994;36:882–888. doi:10.1002/ana.410360613.
 93. Hathorn T, Snyder-Keller A, Messer A. Nicotinamide improves motor deficits 
and upregulates PGC-1α and BDNF gene expression in a mouse model of Hun-
tington’s disease. Neurobiol Dis. 2011;41:43–50. doi:10.1016/j.nbd.2010.08.017.
 94. Naia L, Rosenstock TR, Oliveira AM, et al. Comparative mitochondrial-based 
protective effects of resveratrol and nicotinamide in Huntington’s disease mod-
els. Mol Neurobiol. 2017;54:5385–5399.
 95. Mandir AS, Przedborski S, Jackson-Lewis V, et al. Poly(ADP-ribose) poly-
merase activation mediates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced parkinsonism. Proc Natl Acad Sci U S A. 1999;96:5774–5779.
 96. Gelman L, Deterre P, Gouy H, Boumsell L, Debré P, Bismuth G. The lympho-
cyte surface antigen CD38 acts as a nicotinamide adenine dinucleotide glycohy-
drolase in human T lymphocytes. Eur J Immunol. 1993;23:3361–3364. 
doi:10.1002/eji.1830231245.
 97. Chini EN. CD38 as a regulator of cellular NAD: a novel potential pharmaco-
logical target for metabolic conditions. Curr Pharm Des. 2009;15:57–63.
 98. Camacho-Pereira J, Tarragó MG, Chini CCS, et al. CD38 dictates age-related 
NAD decline and mitochondrial dysfunction through an SIRT3-dependent 
mechanism CD38 dictates age-related NAD decline and mitochondrial dys-
function through an SIRT3-dependent mechanism. Cell Metab. 2016;23:1127–
1139. doi:10.1016/j.cmet.2016.05.006.
 99. Hu Y, Wang H, Wang Q , Deng H. Overexpression of CD38 decreases cellular 
NAD levels and alters the expression of proteins involved in energy metabolism 
and antioxidant defense. J Proteome Res. 2013;13:786–795. doi:10.1021/pr4010597.
 100. Gerdts J, Brace EJ, Sasaki Y, et al. SARM1 activation triggers axon degeneration 
locally via NAD+ destruction. 2015;348:453–457. doi:10.1126/science.1258366.
SARM1.
 101. Gerdts J, Summers DW, Milbrandt J, DiAntonio A. Axon self destruction: new links 
among SARM1, MAPKs, and NAD+ metabolism. Neuron. 2016;89:449–460.
 102. Zakhary SM, Ayubcha D, Dileo JN, et al. Distribution analysis of deacetylase 
SIRT1 in rodent and human nervous systems. Anat Rec. 2010;293:1024–1032. 
doi:10.1002/ar.21116.
 103. Prozorovski T, Schulze-Topphoff U, Glumm R, et al. Sirt1 contributes critically 
to the redox-dependent fate of neural progenitors. Nat Cell Biol. 2008;10:385–
394. doi:10.1038/ncb1700.
 104. Zhang Y, Wang J, Chen G, Fan D, Deng M. Inhibition of Sirt1 promotes neural 
progenitors toward motoneuron differentiation from human embryonic stem cells. 
Biochem Biophys Res Commun. 2011;404:610–614. doi:10.1016/j.bbrc.2010.12.014.
 105. Donmez G. The neurobiology of sirtuins and their role in neurodegeneration. 
Trends Pharmacol Sci. 2012;33:494–501. doi:10.1016/j.tips.2012.05.007.
 106. Lin S-H, Chong ZZ, Maiese K. Nicotinamide: a nutritional supplement that 
provides protection against neuronal and vascular injury. J Med Food. 2001;4:27–
38. doi:10.1089/10966200152053686.
 107. Wang JT, Medress ZA, Barres BA. Axon degeneration: molecular mecha-
nisms of a self-destruction pathway. J Cell Biol. 196:7–18. doi:10.1083/jcb. 
201108111.
Fricker et al 11
 108. Fairless R, Williams SK, Diem R. Dysfunction of neuronal calcium signalling in 
neuroinflammation and neurodegeneration. Cell Tissue Res. 2014;357:455–462. 
doi:10.1007/s00441-013-1758-8.
 109. Sethi JK, Empson RM, Galione A. Nicotinamide inhibits cyclic ADP-
ribose-mediated calcium signalling in sea urchin eggs. Biochem J. 1996;319:613–
617. http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1217811&tool
=pmcentrez&rendertype=abstract.
 110. Haag F, Adriouch S, Braß A, et al. Extracellular NAD and ATP: partners in immune 
cell modulation. Purinergic Signal. 2007;3:71–81. doi:10.1007/s11302-006-9038-7.
 111. Liu B, Hong J-S. Role of microglia in inflammation-mediated neurodegenerative 
diseases: mechanisms and strategies for therapeutic intervention. J Pharmacol 
Exp Ther. 2003;304:1–7. doi:10.1124/jpet.102.035048.logical.
 112. Marín C, Yubero-Serrano EM, López-Miranda J, Pérez-Jiménez F. Endo-
thelial aging associated with oxidative stress can be modulated by a healthy 
Mediterranean diet. Int J Mol Sci. 2013;14:8869–8889. doi:10.3390/
ijms14058869.
 113. Ungvari Z, Parrado-Fernandez C, Csiszar A, De Cabo R. Mechanisms under-
lying caloric restriction and life span regulation: implications for vascular aging 
(historical perspective). Circ Res. 2008;102:519–528. https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC2424221/pdf/nihms50295.pdf. Accessed October 
27, 2017.
 114. Li F, Fushima T, Oyanagi G, et al. Nicotinamide benefits both mothers and pups 
in two contrasting mouse models of preeclampsia. Proc Natl Acad Sci U S A. 
2016;113:13450–13455. doi:10.1073/pnas.1614947113.
